We analyse the characteristics of a force-ventilated isolation room, and the contributions to transport caused by the movement of people and doors opening/closing.
INTRODUCTION
The British National Audit Office (2000) estimated that the National Health Service spends an additional £1 billion per year as a result of nosocomial infections through airborne and contact transmission routes. Tuberculosis, measles and chickenpox are generally considered as truely airborne infectious diseases, as the transmission and infection involves the respiratory tract. Other diseases may have some component of their transmission via the air, such as severe acute respiratory syndrome (SARS), flu (H1N1, bird flu), methicillin-resistant Staphylococcus aureus (MRSA) and Norwalk virus. Many diseases can enter the air from oral secretions aerosolized by breathing, coughing, sneezing, skin flakes naturally shed from the body, faeal matter or vomit splashing on surfaces. Transport over long distances can be mediated through the air, spread to surfaces and thence by contact transmission.
The size distribution and number of potential airborne sources of infection varies considerably depending on the mechanism of generation; indeed, the variability of reported conclusions depends on the measurement technique. To put the size of the fomites into perspective, it is worth recapping that the typical diameter of a virus, bacteria and fungal spore is 0.02 -0.3, 0.3 -10 and 2 -5 mm, respectively (Cole & Cook 1998) . Multiple pathogens are required to create a sufficient level of infection for the disease to be expressed. These pathogens are generally transported on larger aerosols such as skin flakes (typical size 13-17 mm in diameter), or droplets (ejected with peak diameters 20-40 mm, Cole & Cook 1998) . Duguid (1945) reported that 95 per cent of droplets are smaller than 100 mm, while most are in the range 4-8 mm (see also Chao et al. 2009 ). With improved diagnostics, Papineni & Rosenthal (1997) were able to show that 80-90% of droplets were less than 1 mm in diameter. The number of fomites varies considerably depending on the generation mechanism. Coughing/ sneezing generates 10 4 /10 5 droplets, respectively (Cole & Cook 1998) . Typically, 10 7 skin particles are shed each day ( per person); each ml of vomit/faeces contains about 10 7 /10 12 virus particles, respectively (Barker et al. 2001) .
The potential for fomites to remain in the air is determined by their terminal fall velocity, which varies with the square of their diameter (see figure 1 for non-evaporating droplets). Fine particles are susceptible to remaining aloft in air for long periods while *Author for correspondence (i_eames@meng.ucl.ac.uk) .
One contribution of 10 to a Theme Supplement 'Airborne transmission of disease in hospitals'. larger particles will sediment to surfaces in regions of slowly moving air. Wells (1934) underlined the importance of evaporation in reducing droplet sizes to such an extent that their residence time in the air can be significant. Wells originally considered the evaporation of spherical droplets of initial diameter d 0 in unsaturated air and concluded that large droplets (.120 mm) of a pure solvent strike the floor while smaller droplets evaporate to create droplet nuclei. In practice, mucus and saliva droplets contain a small volume fraction R s $ 1.5% (Duguid 1966) . When all the liquid has evaporated, the droplets have a diameter d 0 R 1=3 s $ 0:25d 0 . Thus even with a small fraction of mass, all droplets ultimately fall out of stagnant air.
In this paper, we focus on some of the physical processes that occur in a single-bed hospital isolation room and that determine the effect of turbulence on the spread of fomites in air. Small fomites (,20 mm) move passively through the air and their bulk removal is largely through dilution in the air. But larger fomites (.40 mm) move relative to the air flow. A series of new experiments and theory are developed to understand these processes. In §2, the key processes are identified and characteristic scales estimated. A laboratory study of transport and mixing of passive material in a model room is described in §3, where flushing and door exchange processes are studied. To analyse the influence of turbulence on the movement of fomites which are not passively advected, in §4 we introduce a model of turbulence and droplet movement. The general conclusions and relevance for infection control are described in §5.
CHARACTERISTICS OF THE AIR FLOW WITHIN AN ISOLATION ROOM
To set the scene within a typical hospital isolation room, we discuss some of the recommendations set down in the Department of Health Technical Memorandum (2007) , which are similar to those issued by the Centre for Disease Control (CDC) (Sehulster et al. 2004 ). The specification is in terms of room air exchange volumes per hour (ACH), pressure difference and air flow directions, some of which are summarized briefly in table 1. The pressure difference between rooms, corridors and toilets is specified with the sign set to minimize risk. The pressure difference is generated by a difference between the ventilation inlet and the outlet volume flux (of about 10%). The leakage area in a room is typically set at 0.03 m 2 (Sehulster et al. 2004) , usually with doors undercut by about 1 -1.5 cm (for instance at University College London Hospital (UCLH)); undercutting also minimizes resuspension due to the door scraping the floor. The minimum pressure difference between rooms and corridors, rooms and toilets, is usually about 2.5 Pa (but 6 Pa is typical). Simple mechanical systems such as coloured ping-pong balls, flaps and in a few cases electronic monitors are used to indicate when pressure reversal occurs. The importance of ensuring that the pressure difference is correctly applied is underlined by the number of cases when reversal has been shown to lead to infectious disease spreading beyond isolation rooms (Tang et al. 2005) .
Here, we try to estimate the various contributions to mixing and transport within an isolation room which has a volume V ¼ HLW and dimensions L, H (approx. 3 m), W. Escombe et al. (2007) reviewed the volume of isolation rooms and found an average of V $ 31 m 3 . The main specification is in terms of the air room change per hour (ACH), ventilation strategies which are summarized in table 1. Consider the case when the inlet duct has a cross section A I , which leads to a Reynolds number of
I , where Q ¼ V Â ACH=3600 is the volumetric flux of air into the room and U ¼ Q=A I . The effect of a diffuser is to reduce the vertical momentum flux of the inlet air flow and to enhance turbulence through the use of diffuser veins. Near to the duct, the turbulence is large in the sense that u 0 =U $ 0:1À0:5, though this decreases with distance from the duct. Wan et al. (2007) measured the (Eulerian) integral length scale of the air flow in a turbulent room and found it to be L E $ 0.08-0.12 m. The smallest length scale of the air flow is typically less than one or two orders of magnitude smaller than L E .
The flow is turbulent and characterized by a turbulent diffusivity n T which scales as S758 Airborne contaminants in a hospital room I. Eames et al.
the presence of a mean flow and turbulence assist in spreading passive material. An estimate of how long it takes for the material to spread in a room is T $ L 2 =n T . These estimates show that the turbulence disperses material over a typical isolation room in a period of about 8 min, comparable to the flush time V =Q ¼ 3600=ACH $ 5 min for isolation rooms (with ACH ¼ 12). The placement of the vent outlet may not be important-although usually situated at the ceiling level to remove hot air. The flow created by the exit vent decays slower with distance than the inlet vent. This explains why the forced ventilation in isolation rooms and theatres is so effective as airborne contaminants are rapidly diluted. Extraction then removes the contaminant with a concentration equal to the average in the room. When a contaminant is released with a concentration C 0 at a steady volume flux Q p , the mean concentration in an isolation room changes according to
The solution to equation (2.1) for an initial concentration
where T ¼ Qt/V is time rendered dimensionless in terms of the time to displace a room of air. This solution is identical to the Wells -Riley equation (Noakes & Sleigh 2009 ). It shows that the concentration of a species in the air is inversely proportional to the ventilation flow rate. For a finite volume of contaminant injected at t ¼ 0 in a room, the mean concentration decreases according to
from the initial mean value C 0 . The success of predictions (2.2) and (2.3) depends on the flow being turbulent and the level sufficiently high that homogenization takes place on a time comparable to or shorter than the flushing time. The level of contamination within an isolation room depends on how material enters, for instance, through the door way. We estimate the anthropogenic contribution from doors opening/closing and body wakes. Door opening events create a large coherent vortex which can propagate some distance within a room. . Nevertheless, these estimates do not account for the transport of material from one room to another by vortical structures.
The second component, largely ignored, is the volume flux in the wake of a person moving with velocity U W , which is estimated by the Betz (1925) classic formula . By mass conservation, an equal volume is displaced in the opposite direction. In combination, we see that both door opening/closing and people moving can lead to significant transport, with potential volume of exchange being 1-5 per cent of the room volume.
MIXING AND TRANSPORT WITHIN AN ISOLATION ROOM
To test the estimates for the movement and dilution of a passive contaminant in an isolation room, we employed a physical scaled model using water instead of air. The transport and dilution of passive contaminants are analysed by following dye within the transparent acrylic models using optical methods. This method is used to evaluate natural ventilation within individual rooms and whole buildings (Linden 1999; Hunt & Kaye 2006) . The focus of our study is to analyse how a contaminant, introduced instantaneously or continuously, is mixed and diluted. The second component is to analyse the transport between rooms caused by opening/closing a door; this extends the visualization results of Tang et al. (2006) by quantifying the exchange process.
Model design and experimental methodology
The architectural plans for UCLH were used together with a site visit to prepare a model of a single-bed isolation room. Thermal effects from heating and solar gain did not appear to be significant as the level of ventilation is high (ACH ¼ 12). Natural ventilation is entirely eliminated as the windows are sealed. The basis for using this analogue here is the matching of the vent Reynolds number and scaled geometry; not all features were represented, such as beds. The high Reynolds number associated with the inlet flow ensures that viscous effects are negligible, supporting the dynamical similarity between the air flow in an isolation room and the water flow in the analogue. An elevated view of the model hospital room is shown in figure 2a . The model has internal dimensions 0.95 Â 0.56 Â 0.32 m and was constructed from acrylic to enable the interior to be viewed from three directions. The model includes a toilet, annex room and corridor with doors though these were not used in this study. Multiple holes were cut to enable the venting positions to be changed. The volume flow rate through the inlet section was at Q ¼ 8.5 cm 3 s 21 and entered through a 7 cm Â 7 cm hole which was covered with a fine metal gauze. The volume of the open space in the single-bed The model is illuminated with three light box diffusers constructed using fluorescent tubes and 4 mm thick white acrylic. Two mirrors are used to collect three projected views which are crowded onto a single image (see figure 2b) . To quantify how a passive contaminant spreads within the model, we examined how dilute dye spreads with time. The concentration of dye was sufficiently low that buoyancy effects were negligible. By comparing images with and without dye captured using a machine vision camera (Dolphin, Firstsight Vision) at a rate of 3.75 fps, the fractional change in the intensity of the images is related to the integral of the dye concentration along a light ray; for dilute dye concentrations, the ratio of the pixel intensity with and without the attenuation caused by the dye (I, I 0 ) is related to the integral of dye concentration over a projected distance d through Ð d s¼0 C ds ¼ l C logðI 0 =I Þ, where l C is a constant (e.g. Cenedese & Dalziel 1998) . Capturing a series of images then provided information about the temporal and spatial patterns of how dye moves within the model room. Image processing algorithms written using Matlab 6.3 were applied to analyse image sequences. The plane, side and front projected views S760 Airborne contaminants in a hospital room I. Eames et al.
were isolated using digital masks. The reported results of mean concentration were obtained by summing C over a projected view. In the first series of experiments, a fixed volume of diluted dye (5 cm 3 ) was injected from a syringe into the model room through an access port and the decrease in mean concentration was analysed. In the second series, the dye was injected at a constant rate through a side opening in a needle (external radius 1.1 cm) from a header tank; at the exit from the header tank, a flow meter was used to measure Q p . The header tank initially contained 90 000 cm 3 of fluid and 120 cm 3 of black dye. In both studies, the dye was injected between the inlet and the outlet vents. The third series of tests involved studying the effect of doors opening and closing on local exchange between rooms. This model is the same as Tang Figure 3 shows a plane view of the main room after a fixed volume of dye has been injected. The greyscale gives an indication of the vertically integrated depth concentration with white indicating higher concentrations of dye. After T ¼ 0.25, the dye has spread over most of the room except near the door. By T ¼ 0.5, the concentration is uniform and appears to decrease uniformly in time. Figure 4 shows the plane view of the room as dye is injected at constant rate, in this example Q p ¼ 1.67 cm 3 s 21 . The dye is not spatially uniform and has a higher concentration near the source and the outlet; analysis of the front projected images shows that the dye concentration is higher near the floor. Close to the inlet vent, the dye concentration is reduced. Figure 5a ,b shows comparisons between the measurements and the analytical prediction. The agreement is good, especially for the instantaneous release. Figure 6 shows a sequence of false colour images that show the exchange caused by a door opening and closing (with red on the right-hand side S R and blue on the left-hand side S L ). Figure 6a(i) shows the generation of a positively signed vortex attached to the door as it opens. As the door stops, the opening vortex moves around the tip of the door generating negative vorticity, which combines with the door vortex and moves into the room S R at an angle similar to the final angle of the door. Opening the door leads to a return flow into S L , which leads to a separation around the door frame and a vortex with negative vorticity. After the door Airborne contaminants in a hospital room I. Eames et al. S761 has opened, the cumulative positive vorticity generated by boundary layer separation is still weak and the vortex in S L does not propagate. As the vortex sits adjacent to the gap in the door, the usual induced velocity (caused by a mirror image) is weak. The exchange volume caused by closing the door is quite weak, which we also notice for full scale doors. A high speed jet is generated along the adjoining wall when the door closes as seen in figure 6f (i). The vortex in S L is now able to propagate, and breaks down. The side projected view shows that the initial exchange is largely over the height of the door. Figure 7 shows the fractional volume of fluid exchanged between the rooms as a function of time . In (a) and (b), the analytical predictions are plotted as a dashed line and defined by equations (2.2) and (2.3), respectively. S762 Airborne contaminants in a hospital room I. Eames et al.
Results
(between opening and finally closing the door). The volume was estimated from the mass of dye exchanged between the two sides. The volume appears to rapidly increase during door opening, increase at a slow rate until the volume exchange settles down and finally during the closing event, the increase in the exchange volume is small. The exchange volume is plotted in terms of the room model volume; a more detailed comparison indicates that the exchange volume is comparable to (but smaller) than the swept volume of the door. The results appear to show a weak dependence for Q m $ 40-608.
EFFECT OF TURBULENCE ON DROPLETS SPREADING
The effect of turbulence leads to passive material spreading throughout an enclosed volume. Droplets and particles sediment relative to the local flow and Airborne contaminants in a hospital room I. Eames et al. S763
therefore do not move passively. Many computational studies have analysed the motion of droplets and particles in forced and naturally ventilated rooms, largely based on fixed meshes (with 300 k to a few million nodes) and k -1 or large eddy simulation closures. Zhao et al. (2004) and Chao & Wan (2006) looked at droplet dispersion in an empty clean room. A more thorough study of a hospital room (with mixing type ventilation) by Chao et al. (2008) included the effects of hospital fittings (e.g. beds) and the thermal effects of patients and medical equipment. Gravitational effects dominated the motion of larger droplets which resulted in low lateral dispersion. However, smaller droplets (subjected to a low supply flow rate) were dispersed vertically due to thermal plumes. Other recent work includes particle tracking to study the effect of emission velocities (Mui et al. 2009 ) and patient-nurse interaction (Zhao et al. 2009 ) on droplet dispersion. An issue to highlight with k-1 models is that since the range of length scales in hospital flow fields varies from a few millimetres to about 0.2 m, most simulations tend to under-resolve the flow field and sometimes must include a forcing term to account for the diffusive motion of elements that are followed in time (e.g. Chao et al. 2008) . We extend previous studies to account for the influence of turbulence on the movement and dispersal of evaporating droplets in the air using a different modelling approach to account for the whole range of scales in the air flow. This requires a model of both the droplet movement and the turbulent flow. A more detailed description of this methodology is given by Klettner et al. (2009) . In developing this model, we abstract from the practical problem and model the turbulence as homogeneous turbulence without the kinematic effect of the floor.
Droplets are assumed to be spherical (of diameter d p , density r p ) moving with velocity v in an air flow u. The droplet equation of motion (for d p , 200 mm) is determined by a balance of linear drag and buoyancy forces and is expressed as (Wells 1934) . The droplet diameter varies as . A synthetic model of homogeneous turbulence can be generated by summing unsteady random Fourier components (Fung et al. 1992) :
The velocity field is constructed to ensure that the flow is incompressible and the magnitudes of the Fourier components (i.e. a n and b n ) are chosen to satisfy a prescribed energy spectrum E(k). While the flow field does not include any dynamical component, it has been shown to be able to pick up processes such as Richardson dispersion and the Euler -Lagrangian frequency spectrum (Fung et al. 1992) . As discussed in §2, the inertial energy spectrum spans about one to two decades within a hospital room with forced ventilation and this is included through a prescription of k h . The energy spectrum prescribed is the von Kármán spectrum , and the integral length scale was kept constant at L E ¼ 0.05 m, typical values of a hospital room (Wan et al. 2007) . Two diagnostics were applied to analyse the results of how droplets moved and spread with time . Since the mean settling speed is R s 2/3 kv T0 l, the droplet cloud spreads a distance
These results show that turbulence may be as important as evaporation in keeping droplets in the air close to the cutoff diameter of 100 mm estimated by Wells (1934) . For typical values of u * and L E found in the hospital environment, a droplet of d 0 % 30 mm will be spread a distance of 2 m (see figure 9 ), even without a mean flow. With the current bed spacing guidelines at 1.5-2 m (World Health Organization 2004) means that if forced ventilation is used in general wards, patients might suffer from cross-contamination. However, it should be noted that turbulence can also be useful, as in an isolation room the increased mixing (due to turbulence) can help decrease the mean contaminant concentration.
CONCLUSION
In this paper, we have analysed how material is spread within a force-ventilated single-bed isolation room. The major conclusions are as follows:
(i) Turbulence within a single-bed isolation room quickly leads to a homogeneous concentration of any passive contaminant, which is then removed via the outlet vent. This explains the success of perfect mixing models observed in the series of experiments (and elsewhere in the literature). In this environment, turbulence should be promoted. (ii) The exchange caused by doors opening/closing and people moving is estimated. The contribution from the body wake is comparable to the door swing mechanism and can be up to 10 per cent of a room volume (for V $ 31 m 3 ). The movement of exchanged air depends on whether the door opens into/out of the isolation room and has been previously identified as a risk. (iii) Large droplets or particles sediment relative to the floor. Using a model which combines a Lagrangian analysis of droplet movement with a kinematic simulation of a pseudo turbulent flow, we show that while the mean fall velocity is largely unchanged, turbulence significantly enhances horizontal and vertical dispersion. The horizontal spread as a function of the level of turbulence and droplet properties is estimated. Airborne contaminants in a hospital room I. Eames et al. S765 
